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ABSTRACT

This report presents experimental pressure-differential
measurements made at 10% chord of an airfoil-vortex interaction.
A line vortex was oscillated over an airfoil perpendicular to the
span and parallel to the chord. The pressure time history was
recorded in order to show the sharp pressure pulses resulting from
the bursting of the vortex core as it impinges upon the airfoil.
Results for various vortex sizes and free-stream velocities were
obtained., Measurements were also made when the airfoil was yawed
to the line vortex. Maximum pressure differences were observed to
occur in phase across the blade even with yaw, and were directly
proportional to the square of the free-stream velocity. The maxi-
mum dynamic pressure coefficients obtained were as high as 1.0

when vortex bursting occurred.
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Hz
Ap(t)

T.E.

SYMBOLS

Chord of airfoil

Vorticity in cycles/second

Frequency in cycles per second

Unsteady pressure differential at 10% chord

Radius of axisymmetric vortex

Offset of trailing edge from tunnel centerline
of oscillating upstream airfoil

Free-stream velocifty, tunnel air speed

Induced velocity of vortex

Dynamic or stagnation pressure = l/2pu2(t)

Spanwise coordinate

Sign of angles of attack of upstream
oscillating airfoil

Angle of attack of upstream oscillating airfoil

Total circulation of vortex '

Density of air

Kinetic viscosity of air

Vorticity in radians/second

Dynamic pressure coefficient



Introduction

This investigation is an initial experimental step into the
noise problem resulting from rotary wing alrcraft. Harmonic analy-
sis of the blade loading in such operations has not successfully
shown, nor is able to estimate, the loading and thus the noise at
high frequencies (greater than approximately 20 blade harmonics
[Ref. 1]). Rotor noise has been classified into three basic
groups [Ref. 2], which are rotational noise, as described above,
vortex noise, and blade slap. The vortex noise is actually the
result of turbulent flow caused by boundary-layer separation,
vortex shedding, and the operation of airfolls in a turbulent wake.
Blade slap is a characteristic impulsive sound which occurs when
strong interaction occurs between a blade and a trailing vortex or
when a blade tip experiences strong compressibility effects, usually

over a portion of a cycle.

This report is concerned only with the problem of blade slap
caused by vortex interaction. Reference 3 presents an approach to
the vortex interaction nolse problem, which will be considered
later in this report. The result of measuring the unsteady pressure
forces caused by vortex interaction (both magnitude and phase along
the span of the blade) will not only yield the unsteady blade load,
but will also 1ndicate the intensity of dipole-type noise expected
to be radiated from the blades. The theoretical understanding of
this phenomena is given in Ref. 5. This procedure of determining
the acoustic dipole strength is the method used in Ref. 1 for esti-
mating the radiated noise from the overall harmonic blade loading.

Examination of the most simplified relevant two-dimensional
problem consists of a two-dimensional airfoil having a free space,
line vortex passing near and over the blade. See Fig. 1. If the
vortex does not pass over the airfoil, estimates of the varying lift
due to the vortex may be calculated using methods given in Ref. U
which are based on potential flow theory. However, when the vortex



passes across the airfoil, vortex bursting will occur as shown in
Fig. 2. When vortex bursting occurs, potential theory is no longer
applicable, thus requiring pressure differential measurements,
AP(t), to obtaln quantitative estimates of unsteady blade loading.
At this point discussion of the experimental setup 1s appropriate,
since it encompasses most of the problems encountered in applica-
tion, such as the fact that the free-line vortex is really a well-
developed tip vortex.

Experimental Apparatus

The apparatus consisted of an oscillator, situated upstream
of the instrumented airfoil, capable of oscillating an airfoil
(NACA 0012, Chord 7.7 in.) vertically in the spanwise direction as
shown in Photograph 1. This airfoil penetrates the duct of a low
turbulence wind tunnel which is described in Ref. 6. Photograph 2
shows the portion of the upstream airfoil exposed to the free
stream at an angle of attack to the oncoming flow. By sinusoidally
oscillating this airfoil vertically, a tip vortex is produced which
will pass across the instrumented stationary airfoil (NACA 0012,
Chord = 5 in.), which was mounted horizontally across the open jet
portion of the duct downstream of the vertically oscillating foil.
Photograph 3 shows the instrumented airfoil mounted horizontally
at zero angle of attack across the test section. Photograph U
hows the instrumented airfoil and 1ts supporting structure

situated in the open jet portion of the wind-tunnel duct.

[}

A simplified side-view sketch in Fig. 3 shows the apparatus
as a unit. The differential pressure transducer mounted 1/10 chord
aft of the leading edge in the instrumented foll was of the type
described in Ref. 7. With the tubular leads from the diaphram of
the pressure transducer to the openings in the surface of the air-
foll being somewhat lengthy, a reduction in the natural frequency
to approximately 1000 Hz was estimated to occur. However, it was
not possible to make a frequency-response calibration of the



pressure transducer, but only possible to do a static calibration.

The pressure transducer formed part of a bridge in a carrier
amplifier system used to measure the response of the transducer.
The frequency response of 5 KHz of the carrier amplifier was well
above that of the transducer. However, the output of the system,
due to the magnitudes of the pressures, was near the minimum with
much of the signal containing a large amount of noise. hash due to
the carrier amplifier. To record the transient pressure signals,
the carrier amplifier output was displayed on an oscilloscope and
photographed using a Polaroid camera.

The experimental procedure was to run the oscillator at a
nearly constant frequency of 1 Hz, with the mean position of the
airfoil on the centerline of the wind-tunnel duct which is also
the vertical location of the instrumented airfoil. Within the
range of oscillator frequencies, which always maintained a long
tip vortex wave length compared to the instrumented chord length
(greater than 40) of the airfoil, the pressure response was inde-
pendent of frequency (1 to 10 Hz). No pressure measurements were
made with the tip vortex stationary since no accurate location of
the tip vortex relative to the instrumented foil was available
without smoke-flow visualization. The angle of attack of the os-
cillating airfoil could be set at 0°, 4°, 8°, and 12°. The down-
stream, instrumented foil was never given an angle of attack, but
was set at one yaw-angle position of 11.3° relative to the wind-
tunnel centerline. The horilzontal location of the pressure trans-
ducer relative to the wind-tunnel centerline and the tip vortex
was varied by horizontally sliding the foil in its mounting
brackets. See Photograph 4.

The velocity of the tunnel was maintained at approximately
the maximum (52 meters/sec) for the open-jet mode of operation
in order to produce the largest dynamlc pressures. Figure 4 shows
that the pressure difference across the foil due to the vortex



interaction is directly proportional to the dynamic pressure; that
is, the flow velocity squared. Also, the phase of maximum pressure
is directly related to the flow velocity. This 1s an expected re-
sult, since the circulation of the tip-vortex generator 1is pro-
portional to the flow velocity. Therefore, the induced velocity
across the instrumented airfoil is proportional to the flow ve-
locity, yielding a second power law for the pressure.

Results

Figure 5 is a plot of the maximum pressure difference across
the airfoil at the 10% chord location as a function of ﬁorizontal
location of the pressure transducer relative to the tunnel center-
line and hence the tip vortex. These results were obtained for
angles of attack of 4°, 8°, and 12° of the upstream oscillating
airfoil which controlled the size of the vortex. The maximum
pressures occurred in the vortex core, which does not lie exactly
on the wind-tunnel centerline. A few peak pressures were plotted
for which vortex bursting must have occurred in the core. These
pressures are extremely sharp pulses and are very difficult to
analyze. Photographs 5 through 22 are typical pressure responses
for the tip vortex generator at 8° angle of attack for various
spanwise locations.

Notice the large pressure differences near the core of the
vortex when it passes over the foil as shown in Photographs 13
and 14. The cause of these large pressure differences is that the
vortex core is bursting, causing the boundary layer to separate
from the leading edge of the airfoil along a short distance of the
span. See Fig. 2. 1In Ref. 4, photographs of this condition for
the stationary tip-vortex case are shown by using smoke for flow
visualization with the vortex impinging on the leading edge. Note
also that the size of the vortex core does not seem to be linearly
dependent upon the angle of attack of the tip-vortex generator
airfoil. Separation on the upstream foil appears to be causing the



core size to remain constant above 12°. These results are more
clearly explained by detalled vorticity measurements. See
Figs. 6 and 7.

Figure 5 also shows the effect of yaw in reducing the maxi-
mum pressure differences occurring on the airfoil outside of the
vortex core region. There appears to be more than just the in-
fluence of the cosine of yaw-angle effect on the induced velocity,
since cos 11.3° = 0.962 and cos2 11.3° = 0.925 and from Fig. 5,
the yawed pressure distribution is from 16 to 23% less than that
for zero yaw.

From this plot, several questions need to be answered, at
least in a qualitative sense. Why does the vortex shift off of
the tunnel centerline? What are the magnitudes of the peak pres-
sures occurring in the vortex core, and what 1s the size of the
core? Does yaw reduce the peak pressures in the vortex core?

Figure 8 is a plot of phase, which is when the occurrence
of the maximum or minimum pressure difference occurs (depending
on which side of the center of the vortex core the pressure trans-
ducer is located) relative to a fixed time in the cycle. The maxi-
mum pressures along the span appear to be in phase'within the ex-
perimental error which appears to be about 20°. Also, the occur-
rence of the peak pressures inside of the core, where vortex
bursting occurs, are in phase and independent of the vortex size
(i.e., angle of attack of upstream airfoil). Therefore, it may be
assumed that the pressure fluctuations are in phase everywhere
along the span of the foil even when a small yaw angle has been
introduced.

Discussion

To answer the questions posed by the analysis of the plot
in Fig. 5, an examination of the wind-tunnel setup is necessary.
The reason for the vortex impinging upon the downstream airfoil off
centerline of the tunnel is threefold. See Fig. 9. First, the



vortex leaves the upstream foil nearer its trailing edge than on
the tunnel centerline as would be predicted by linear airfoil
theory. Second, the vortex 1s displaced as it rolls up both ver-
tically and horizontally. Third, the vortex moves horizontally
as it impinges upon the downstream airfoil, due to the image vor-
tex created by the solid boundary of the wing.

The two possible angles of attack of the tip vortex gener-
ator airfolil are shown. We see that the vertical effect of rollup
is the same for both + and - angles of attack. Since the mean
position of the oscillating airfoil was the tunnel centerline, all
of the pressure signals were not symmetric in time since the vortex
traveled a greater distance below the downstream airfoil than above
it. In future tests this could be adjusted by raising the mean
position of the oscillating airfoil above the downstream airfoil,
thus accounting for wake rollup in the spanwise direction or as
in this setup, in the vertical direction.

The effect of the rigid surface of the downstream foil re-
quiring an image vortex to balance the normal velocity induces a
horizontal velocity in the tip vortex as it approaches the foil.

Its effect is a 180° phase shift in the location of the vortex

path relative to the airfoil for + or - angles of attack of the
oscillating airfoil. However, no estimates could be made of the
overall vortex change in location when crossing the foil in opposite
directions. It would appear that this distance d (see Fig. 9) would
be small at the leading edge, but flow visualization would be needed
to verify this.

A consistency was maintained in the measurement of phase and
maximum amplitude in that the phase was referenced to the time when
the oscillating airfoil passed the mean position traveling in the
down direction. All three causes of shift in vortex location are
related to the flow velocity indicating why the phase in Fig. 4
varied directly with the flow velocity.



Various methods of estimating rollup of the vortex wake
were made using methods listed in Ref. 4, but about the only con-
clusion which could be made is that the vortex wake was completely
rolled up, which is to say that the upstream oscillating airfoil
was far enough away from the downstream airfoil. This was veri-
fied by the repeatability of the pressure signal throughout the
experiment. Estimates for vortex core shift produced meaningless
results, since the experimental apparatus was surrounded by the
four duct walls of the 15 in. x 15 in. test section, and no
present theory considers the wall effect on the wake. Another as-
pect of the problem not considered is the fact that the oscillating,
upstream foil has an oscillating aspect ratio, since it penetrates
the tunnel duct wall.

To determine experimentally the pressure difference when
vortex bursting occurs will require two improvements to the present
setup. First, the frequency response of the recording system must
be very high in order to respond to the impulse-type pressures as
shown in Photograph 13. Also, since the core size appears to be
extremely small relative to the overall size of the vortex, a
very precise traversing mechanism is needed in order to position
the pressure transducer relative to the core. A means to visualize
the vortex as it impinges upon the foil would be beneficial in
demonstrating repeatability of the setup and in allowing possible
stationary vortex measurements. The biggest problem is in the
interpretation of this impulsive pressure. No one but Leverton
[Ref. 3] considers the cause of this impulsive pressure, and he
examines the case of the vortex appearing as a gust on the airfoil.
His approach is not applicable to this experiment because the vor-
tex considered has its axis parallel to the span of the airfoil
and not perpendicular to 1it.

The effect of yaw on the peak pressure seems to have the
same effect inside the core of the vortex as well as outside the
core in reducing the pressure difference. Comparing Photograph 23



to Photograph 14 for pressure transducers located on the centerline,
and Photograph 24 to Photographs 18 or 10 for pressure transducers
located 1 in. off the centerline, there is no difference in the
wave form of the patterns or in phase shift as indicated in Fig. 8.

The velocity distribution of the line vortices plotted in
Fig. 7 has been converted to a dynamic pressure distribution and
plotted in Fig. 10. If these stagnation pressures in Fig. 10 are
compared to the peak pressure differences at the 10% chord of
Fig. 5, the maximum peak pressures for the vortex cases created by
the vortex tip generator at a = 4 and 8° appear to be twice the
dynamic pressure of the vortex core, and about the same value for
a = 12°. However, 1f the vortex core velocity given in Fig. 7 is
considered as a spanwise distribution of downwash, in a quasi-
steady sense as done in Refs. 4 and 8, then the region inside of
the core would be separated along the span. The result of these
high velocities compared to free stream is to cause the separa-
tion on the airfoil to spread out along the span. This effect
and the induced horizontal velocity of the vortex as it approaches
the airfoil cause the peak pressure differences to spread out
across the span. This can be seen by comparing Fig. 5 to Figs.
7 and 10.

Conclusions

The maximum pressures occurring because of vortex inter-
action act in phase along the span of the airfoil even with the
introduction of yaw. The phase (time to maximum pressure differ-
ence) appears to be directly proportional to the flow velocity
and hence the circulation of the impinging vortex.

The absolute values of maximum pressures seem to be directly
proportional to the flow velocity squared or the dynamic pressure
of the flow. Therefore the maximum pressures should also be pro-
portional to the circulation squared of the impinging vortex.



Yaw angle tends to considerably diminish the maximum pressures in-
side of the vortex core where bursting takes place, and also has
the same effect outside the core.

The maximum dynamic pressure coefficient Ap(t)/(l/2pU2)
are as high as 0.5 with peak dynamic pressure coefficients pos-

sibly as high as 1.0.
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